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Investigating Radiation Damage in the Zircon (U-
Th)/He Thermochronometer with Raman 
Spectroscopy 
 
Ryan K. Stoner 
Department of Geological Sciences 
 
Abstract 
 
Radiation damage has a strong influence on He diffusion kinetics and the temperature sensitivity 
of (U-Th)/He thermochronometers. Understanding these effects is critical for the accurate 
interpretation of (U-Th)/He datasets and can lead to more detailed thermal history 
reconstructions.  This information is particularly important for settings with protracted thermal 
histories, such as the Kaapvaal Craton, where U and Th-rich minerals have accumulated 
significant radiation damage. Models for how radiation damage influences He diffusion kinetics 
have been published for apatite (Flowers et al., 2009) and zircon (Guenthner et al., 2013). 
However, the kinetic model for zircon is less calibrated at the higher damage end of the 
spectrum. Negative date-effective uranium (eU) correlations in zircon from the Kaapvaal Craton 
suggest the variable influence of radiation damage on the data. I used Raman spectroscopy to 
quantitatively and qualitatively characterize the variable magnitudes of radiation damage in this 
zircon suite. My measurements of Raman Spectra full width at half maximum (FWHM) show a 
range of closure temperatures spanning ~50 ºC. This variation can explain the presence of 
negative date-eU correlations. Furthermore, my research showed that Raman spectroscopy could 
characterize zonation in radiation damage.  
  
 2 
 
Acknowledgements 
 
To start, I would like to thank my mentor, Jaclyn Baughman. Jacky has patiently lead me 
to appreciate the complexities of research, the methods to tackle thermochronology questions, 
and the satisfaction of unraveling them. Tellingly, I can thank Jacky for the most “aha” moments 
I have shared with anyone during my time at CU Boulder. I could not have asked for a better 
mentor. I would like to thank Rebecca Flowers for advising me through this project and 
introducing me to the exciting world of thermochronology. I thank her especially for her 
thorough and consistent guidance in writing and in understanding thermochronology and 
geochronology at a deeper level. Furthermore, I would like to thank Nigel Kelly for his technical 
expertise and guidance in making grain mounts and interpreting zircon Raman spectra. 
Additionally, I would like to thank Eric Ellison for teaching me to use the Raman spectrometer 
and giving helpful advice on processing the spectra. My thanks go also to my committee 
members, Charles Stern and Thomas Roberts, who have significantly broadened my educational 
experience at CU. Finally, my I am grateful for the tectonics research group, especially James 
Metcalf, for helpful advice on zircon picking.  
 
  
 3 
Contents 
 
Abstract ............................................................................................................................................1 
Acknowledgements ..........................................................................................................................2 
Contents ...........................................................................................................................................3 
List of Figures ..................................................................................................................................4 
 
Chapter 1: Introduction ....................................................................................................................5 
 
Chapter 2: Background ....................................................................................................................6 
2.1 Zircon (U-Th)/He thermochronology ............................................................................6 
2.2 Radiation Damage Characterization with Raman Spectroscopy ...................................7 
 
Chapter 3: Methods ........................................................................................................................11 
 
Chapter 4: Results ..........................................................................................................................13 
4.1 Raman Spectroscopy Results .......................................................................................13 
4.2 (U-Th)/He Results ........................................................................................................18 
 
Chapter 5: Discussion ....................................................................................................................20 
 
Chapter 6: Conclusions ..................................................................................................................23 
 
Appendix: Helium Measurements .................................................................................................24 
References ......................................................................................................................................27 
 
 
  
 4 
List of Figures and Tables 
 
Chapter 2: Background 
Figure 1: Illustration of Closure Temperature .................................................................................8 
Figure 2: Illustration of Raman Shift in Zircon ...............................................................................9 
Figure 3: Plot of FWHM vs. α-dose ..............................................................................................10 
Figure 4: Closure Temperature vs. α-dose .....................................................................................11 
 
Chapter 3: Samples and Methods 
Figure 5: Sample Locations ...........................................................................................................12 
 
Chapter 4: Results 
Table 1: FWHM and Peak Measurements .....................................................................................13 
Table 2: Measured Dates from Samples ........................................................................................18 
Figure 6: Sample Spectra AGC01-4 ..............................................................................................16 
Figure 7: Sample Spectra AGC01-4 Transect ...............................................................................17 
Figure 8: Sample Spectra EKC02-40 .............................................................................................17 
Figure 9: Sample Spectra EKC02-40 Transect ..............................................................................18 
Figure 10: Date-eU Plot .................................................................................................................19 
 
Chapter 5: Discussion 
Figure 11: Radiation Damage in Samples .....................................................................................20 
Figure 12: Calculated α-dose Values .............................................................................................21 
Figure 13: Effects on Closure Temperature in Samples ................................................................22 
 
Appendix: 
Table 3: ..........................................................................................................................................24 
 
 
 
 
 5 
Chapter 1 
Introduction 
 
Thermochronology is a powerful tool researchers can use to understand the thermal 
history of the Earth’s crust. By analyzing the differences in temperature sensitivities in different 
systems, workers can piece together a more thorough picture of the geologic history of a region. 
One of these systems, uranium-thorium/helium (U-Th)/He thermochronology, utilizes the decay 
of radioactive elements in the highly durable mineral zircon. However, these radioactive 
elements can cause damage in the crystal lattice of zircon and change its helium retentivity, so 
that it becomes sensitive to different temperatures. The temperature sensitivity is quantified by 
the “closure temperature” of the mineral. If the He retentivities of zircon as a function of damage 
are appropriately characterized, then it becomes possible to exploit these effects to decipher 
detailed thermal history information over longer time periods. Researchers can utilize various 
types of spectroscopy, including Raman spectroscopy, to assess accumulated radiation damage. 
We chose zircon from samples from the Kaapvaal Craton because of the craton’s protracted 
thermal history and timing constraints from apatite He (AHe) thermochrology (Flowers et al., 
2010). To qualitatively and quantitatively assess damage in zircon, we indirectly measure 
damage with Raman spectroscopy and apply this information to the Kaapvaal Craton. 
Radiation damage of the crystal structure occurs during the process of radioactive decay. 
In zircon, this damage distorts the crystal lattice and causes the mineral to become amorphous, or 
“metamict” (Nasdala et al., 2005). At temperatures higher than the closure temperature of zircon 
He (ZHe) thermochronology, the crystal structure of zircon recovers; it is “annealed.” Therefore, 
it is possible for He to escape from the crystal lattice without any reordering of zircon’s lattice. 
Radiation damage affects ZHe diffusion systematics by first decreasing, and then increasing the 
temperature sensitivity of zircon (Guenthner et al., 2013). Raman spectroscopy can measure 
radiation damage to understand changes of He diffusion caused during metamictization and 
annealing.  
 From a geological standpoint, the southwestern margin of the Kaapvaal Craton was last 
highly heated (>300 ºC) during the Namaqua-Natal orogeny (Jacobs et al., 2008) approximately 
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1000 Mya (million years ago). This is above the temperature of both the annealing of zircon and 
ZHe closure temperature (Nasdala et al., 2005). The long accrual of radiation damage since then 
can amplify the effects of radiation damage on zircon, and makes this an ideal location for the 
study of radiation damage. Radiation damage then manifests itself in different amounts of helium 
in minerals with differing amounts of metamictization.  
 
Chapter 2 
Background 
2.1. Zircon (U-Th)/He thermochronology 
 
Zircon contains trace amounts of radioactive uranium and thorium. 238U, 235U, and 232Th 
decay via alpha decay to produce 4He (alpha particles). These particles become trapped in the 
crystal structure of the host minerals and accumulate at known rates over geologic time. Using 
known decay and diffusion rates, researchers can measure the timing these minerals, called 
thermochronometers, cooled (fig. 1). However, higher temperatures will liberate 4He, which will 
diffuse out of the mineral and “reset” the chronometers. The temperature a mineral was at at the 
date calculated is called the closure temperature, a quantitative measurement of the temperature 
sensitivity of the mineral. If we know the geothermal gradient of a region, then we can tie this 
closure temperature to a certain depth when the mineral was cool enough to accumulate 4He. 
However, the closure temperature can vary. Some variables include crystal structure, the rate of 
cooling, distribution of U and Th, and the size of the diffusion domain. However, one of the most 
important variables is radiation damage. 
The amount of radiation damage a mineral accumulates alters the closure temperature. A 
basic proxy for the amount of radiation damage within a mineral is eU, which is the 
concentration of radioactive uranium and thorium weighted by their relative decay rates ([eU] = 
[U] + 0.235 x [Th]). This damage can manifest itself as a positive or negative date-eU correlation 
depending on the phase and thermal history a sample experienced (fig. 10). A positive date-eU 
correlation indicates more damage tied to an increase in closure temperatures. Meanwhile, a 
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negative date-eU correlation marks a decrease in closure temperature with increasing damage. At 
higher temperatures than the diffusion of helium, the zircon damage anneals and the original 
crystal structure is restored (Capitani et al., 2000; Guenthner et al., 2013).  
 
2.2. Radiation Damage Characterization with Raman spectroscopy 
 
A recent model of ZHe radiation damage has been developed (Guenthner et al., 2013), 
however, this model still needs further refining at higher damage.  Our research utilized Raman 
spectroscopy to assess radiation damage independent of eU. Raman spectroscopy, a non-invasive 
technique, has been used, especially in zircon, to quantify damage (e.g. Nasdala et al. 2001, 
Palenik et al., 2003, Guenthner et al., 2013).  
In Raman spectrometers, a laser irradiates a small area on a sample to produce two types 
of scattering: elastic, and non-elastic scattering. The elastic scattering of the photons (Rayleigh 
scattering) causes the emission of photons at the same wavelength after they were excited. This 
scattering is filtered out and is much more intense than Raman scattering. Raman scattering, 
unlike Rayleigh scattering, experiences a shift in frequency since it is a type of inelastic 
scattering. There are two types of Raman Scattering: Stokes and anti-Stokes. In Stokes scattering 
the frequency is shifted downwards as a result of the molecule moving from a lower vibrational 
level to a higher one. Anti-Stokes scattering produces mirror spectra of Stokes scattering but 
with a lower intensity because the shift is from higher vibrational levels to lower ones, and thus 
is usually not shown. Photons from Rayleigh and anti-Stokes scattering are usually filtered out 
leaving only the Stokes spectra, or “bands.” More damaged samples have very different 
measured bands in the spectra than those which are more crystalline. These changes result from 
the metamictization process where minerals become more amorphous with a less ordered crystal 
structure. Using Raman Spectroscopy also allows for the cross-correlation of a radiation damage 
and annealing model for zircon (fig. 4) in Guenthner et al. (2013).  
One common method used to estimate the amount of radiation damage has been the 
broadening of different bands associated with certain bonds in minerals. A characteristic and 
easily measured band in zircon, the ν3 SiO4 band at 1000 cm-1, changes the location of the peak 
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and causes it to decrease in intensity due to the large amount of damage (fig. 2). Increasing α-
fluence produces an increasing broadening of the SiO4 band for zircon, although at high α-
fluences the FWHM value is difficult to constrain due to the amorphization of the mineral (fig. 
3). 
 
 
Figure 1. Simple illustration of the concept of closure temperature in zircon. At higher 
temperatures, the Helium-4 (4He) produced by radioactive decay escapes out of the crystal. 
However, once the mineral cools below a certain temperature, it gradually starts accumulating 
4He. Radiation damage can change the temperature this transition occurs at. 
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Figure 2. Illustration of Raman shift, band broadening, and decrease in band intensity. Units of 
x-axis are in cm-1. Here I focus on FWHM as the best proxy for damage. After Nasdala et al. 
(2005).  
 
 10 
 
Figure 3. Plot of zircon full width at half maximum (FWHM) vs. damage as indicated by α-
fluence. FWHM can be used to calculate an α-fluence (which is identical to α-dose). After 
Nasdala et al. (2001). 
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Figure 4. Plot of zircon closure temperature vs. damage as indicated by α-damage dose. We can 
use α-dose from figure 3 to calculate a closure temperature for zircon. After Guenthner et al. 
(2013). 
 
 
Chapter 3 
Methods and Samples 
 
We used South African samples AGC01-4 and EKC02-40 from Flowers et al. (2010). 
AGC01-4 comes from a foliated tonalite in the Usutu Suit of the Ancient Gneiss Complex at an 
elevation of 580 m. EKC02-40 comes from a foliated tonalite-diorite from the Steynsdorp Pluton 
at an elevation of 1515 m (fig. 5).  
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Mineral separation had already been completed for our two samples using standard 
procedures of the University of Colorado Boulder (CU) TRaIL laboratory (Stanley 2015). We 
used standard alpha-correction measurements from Ketcham et al. (2011).  
Different zircon grains from the same samples were mounted in epoxy before Raman 
analysis. Raman spectra were collected using a Horiba LabRAM HR Evolution Raman 
spectrometer at the Raman Microspectroscopy Laboratory, University of Colorado-Boulder. The 
100mW 532nm frequency-doubled Nd: YAG laser (Laser Quantum) beam was focused through 
a 50x (0.75 NA) objective lens on an Olympus BXFM optical microscope, yielding a spatial 
resolution of ~2 µm. A 600 lines/mm grating and adjustable confocal pinhole (100 µm) was used 
to give a spectral resolution of 4.5 cm-1 full width at half maximum (FWHM). The spectrometer 
was calibrated using the 520 cm-1 Raman peak of Si daily prior to analysis. Spectra were 
collected and processed using a CCD detector (1024 x 256 pixels) and LabSpec 6 software 
(Horiba Scientific). Spectral data were corrected for instrumental artifacts and baseline-
subtracted using a polynomial fitting algorithm in LabSpec 6.  
 
Figure 5. Location of samples from the Kaapvaal Craton. The region is one of the oldest pieces 
of the Earth’s crust and thus provides a suitable location for radiation damage to build up in the 
constituent minerals. 
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Chapter 4 
Results 
4.1. Raman Results 
Overall, we had several goals in our data collection stage. First, we wanted to 
characterize the radiation on individual grains of zircon. Second, we took transects across our 
crystals to characterize any zonation we might see in radiation damage across the grains. 
Therefore, we collected spectra at the core and rim of several zircon grains from each sample. In 
some cases, we measured a transect across whole grains. Both the shift of peaks and the FWHM 
can give an indication as to the metamictization of a mineral. FWHM, however, is a significantly 
better estimation of damage, because the annealing kinetics can change the Raman peak shift 
differently than the FWHM (Nasdala et al., 2002). Zircon peaks can also show marked 
asymmetry with high degrees of damage. Because of these factors, we refrained from using the 
peak shift as anything more than a tool to qualitatively assess the amount of radiation damage.  
Our Raman measurements indicate a significant amount of damage. FWHM values range 
between ~10 – 49 cm-1 in EKC02-40 and ~15-49 cm-1 (table 1). Some of the the corresponding 
peak shifts also are in the higher range and cluster strongly around 999 cm-1 for both samples (cf. 
fig. 2). In some cases, (the core of AGC01-4_z07), the spectra were too poor to assign a band to. 
This occurred especially due to a strong ballooning effect caused by the amorphization of the 
crystal structure (fig. 8). Overall, this ballooning effect showed up more prominently in EKC02-
40 although it occurred in certain samples in AGC01-4 as well. 
Table 1. Table of our Measurements of FWHM and peak shift. 
Sample Zircon Grain  Peak Shift (cm-1) FWHM (cm-1) 
AGC01-4 01 rim 999.7 15.9 
 01 core 997.3 19.6 
 02 a, rim 999.4 14.0 
 02 b, core 998.1 19.9 
 02 c, core 996.5 19.9 
 02 d, rim 996.3 18.8 
 03 core 998.1 29.8 
 14 
 03 rim 999.8 13.2 
 04 core 998.1 19.9 
 04 rim 998.1 19.9 
 05 core 998.1 23.2 
 05 rim 998.1 19.9 
 06 core 996.5 23.2 
 06 rim 996.5 49.6 
 07 core n/a* n/a* 
 07 rim 998.1 13.2 
 08 a 996.5 26.5 
 08 b 996.5 23.2 
 08 c, core 996.5 19.9 
 08 d 997.9 18.9 
 09 a 999.8 16.6 
 09 b 998.1 19.9 
 09 c, core 996.5 29.8 
 09 d 996.5 19.9 
 10 rim 998.1 23.2 
 10 core 998.1 19.9 
 11 core n/a* n/a* 
 11 rim n/a* n/a* 
EKC02-40 01 core 998.1 13.3 
 01 rim  998.1 19.9 
 02 a n/a* n/a* 
 02 b 998.1 49.6 
 02 c, core 999.8 43.0 
 02 d n/a* n/a* 
 03 core 999.8 23.2 
 03 rim 999.8 19.9 
 04 core 996.5 26.5 
 15 
 04 rim 996.5 29.8 
 05 core 1001.4 16.5 
 05 rim  n/a* n/a* 
 06 a, rim 999.8 19.9 
 06 b, core 999.4 10.1 
 06 c, core 1000.7 17.0 
 06 d, rim 998.1 23.2 
 07 a, rim 998.4 20.6 
 07 b 1001.6 13.2 
 07 c, core 1001.5 14.3 
 07 d, rim 999.9 11.2 
 08 core 998.9 12.0 
 08 rim 997.0 16.7 
 09 core 996.6 21.5 
 09 rim 994.5 36.7 
 10 core 999.9 10.3 
 10 rim n/a* n/a* 
 
*Note: Spectra were too poor or samples too damaged to assign a peak to.  
 
In samples AGC01-4 and EKC02-40 the intensity of the highlighted ν3 (SiO4) band varies 
significantly relative to other peaks (figs. 6, 8). Comparing relative heights of peaks within the 
same spectrum is permissible. However, the band intensity only occurs in relative units because 
the intensity of beams can vary widely for different environments, so comparing absolute 
intensities between different spectra is not possible. 
Zircons often crystallize gradually and thus contain different “zones.” These zones can 
contain varying amounts of radioactive U and Th. The radioactive elements will then cause a 
range of radiation damages within the same grain. Zonation can be seen in the heterogeneity of 
the Raman spectra between points within a single zircon grain. For example, in the transect of 
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AGC01-4_z09, the FWHM changes from 16 cm-1 at the edge of the grain to 29 cm-1 at the core 
(fig. 7). This is accompanied by a corresponding change in relative intensities and the lowest 
peak shift at the core 996 cm-1 as opposed to 999 cm-1 at the rim. Of all the transects taken, this 
grain shows the most evidence for heterogeneity in radiation damage.  
The transect of EKC02-40 shows approximately the same evidence of zonation. The 
intensity of the peak at the rim is slightly lower than that at the core (fig. 9). Because of this, we 
could not confidently assign a band to this peak. Although the zonation is present, only AGC01-
4_z09 shows a large difference in damage between zones. Because of the large amount of scatter 
in the data, one sample can not be said to be more damaged than the other. Both samples appear 
to have the same approximate amount of radiation damage.   
In none of the samples was the ν3 peak of similar intensity to undamaged zircon.  
 
Figure 6. Example Raman spectra for zircon from sample AGC01-4. Measurements of FWHM 
made on the ν3(SiO4) ~1000 cm-1 band (highlighted). Under less damaged conditions this band is 
much greater intensity than any surrounding bands (cf. fig. 2). Note ballooning effect on sample 
AGC01-4_06 that indicates higher amounts of radiation damage than, for example, AGC01-
4_02b. Also note large scale on x-axis compared to figure 5. 
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Figure 7. Sample transect of zircon grain from AGC01-4. Note that though the peak intensity 
relative to other peaks changes, the FWHM changes relatively little (see table 1). Though 
zonation is probable, there seems to be little variation in damage within grains. 
 
 
Figure 8. Sample spectra from EKC02-40. Note larger ballooning effect than in AGC01-4 that 
makes it impossible to fit (table 2). 
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Figure 9. Sample transect from EKC02-40. Sample with most pronounced ballooning effect. 
 
4.2. (U-Th)/He Results 
 
I obtained (U-Th)/He dates for 6 single zircon grains, with 3 from each of the 2 samples 
characterized by Raman spectroscopy. AGC01-4 has dates ranging from 102.6 million years ago 
(Ma) to 143.8 Ma (table 2). On the other hand, sample EKC02-40 ranges from 193.2 Ma to 340.1 
Ma. When plotted against eU, the EKC02-40 dates manifest a negative date-eU correlation (fig. 
9), an indicator of different temperature sensitivities caused by radiation damage.  
  
Table 2. Measured dates from samples with associated uncertainty (1σ). 
Full 
Sample 
Name 
Zircon AGCO1-
4_z03 
AGC01-
4_z01 
AGCO1-
4_z02 
EKCO2-
40_z01 
EKCO2-
40_z02 
EKCO2-
40_z03 
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Corrected 
Date 
(Ma) 
  1.12×102 1.44×102 1.03×102 2.8×102 3.4×102 1.93×102 
Full Unc. 
(Ma) 
  0.08×102 0.10×102 0.07×102 0.2×102 0.2×102 0.14×102 
 
 
Figure 10. I measured dates on bolded samples. Other measurements from Flowers et al. (2010) 
or Baughman et al. (in prep). Error bars on zircon are 1σ uncertainties. Error bars on apatite are 
smaller than symbol. Error bars are not applicable to titanite because grains are fragments of 
larger crystals. 
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Chapter 5 
Discussion 
 
First, using the relationship Nasdala et al. (2001) (fig. 11) found between α-fluence and 
FWHM, I calculate α-fluences which correspond to our FWHM (fig. 12). Nearly all of the data 
plot within the same approximate area. Our estimates of FWHM for larger radiation damage (e.g. 
EKC02-40_02 and AGC01-4_06) are likely overestimates. We measured values of 49.1 cm-1 for 
the rim of z_06 from AGC01-4 and ranges of FWHM from ~40-50 cm-1 for z_02 from EKC02-
40 (table 1). The highest values of FWHM are likely overestimates because the highest FWHM 
possible for zircon is thought to be ~36 cm-1 (Palenik et al., 2003). At higher levels of damage, 
the FWHM scales nonlinearly with α-fluence and asymptotically approaches a maximum value, 
although these estimates could plausibly be due to the random 4.5 cm-1 error. However, the 
difficulty in fitting the bands and the “ballooning” effect caused by radiation damage increases 
the likelihood of systematic error.  
 
Figure 11. Modified version of fig. 3 from Nasdala et al. (2001) showing zircon FWHM vs. 
alpha-fluence. Blue square marks approximately where my zircons fall on this plot.  
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Figure 12. Blue line shows zircon FWHM vs. alpha-fluence using the linear formula of Nasdala 
et al. (2001). Spectra with FWHM above 36 cm-1 are excluded because they are likely 
overestimates (Palenik et al., 2003). The line is the best fit to the array on Figure 11. Using the 
FWHM determined from the Raman spectra for my samples, I can use this relationship to 
calculate their approximate alpha-fluence. Green diamonds are AGC01-4, black crosses EKC02-
40. 
 
The calculated α-fluences can then be inserted into the ZHe model for radiation damage 
(fig. 13) (Guenthner et al., 2013). This then gives us a specific range of closure temperatures. At 
first, the closure temperature of zircon increases with radiation damage, but then drops off 
steeply. Our samples occur in this zone of rapid drop-off and span a temperature range of ~50 ºC. 
That is, the samples occur exactly in the region that are the least constrained by the present 
radiation damage model. Using this information could further refine the current model. 
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Figure 13. Region with α-doses calculated from FWHM and correlated with closure 
temperature. Note semi-logarithmic axes and change in units from mg to g on x-axis between 
figs. 11, 12. Modified from Guenthner et al. (2013). 
 
Our data supports a negative date-eU correlation due to our calculated α-doses (figs. 10, 
13). Decreases in closure temperature correspond to different thermal sensitivities. All of the 
grains within the same sample have experienced the same thermal history because they come 
from the same specimen. However, the span in radiation damage would correspond to a span in 
sensitivity to different thermal events. The zonation in the grains (figs. 7, 9), though noticeable, 
is not significant enough to change general thermal sensitivities. Our analyses do show the utility 
of making Raman analyses to characterize radiation damage within individual grains.  
Our samples AGC01-4 and EKC02-40 contain comparable eU contents, but they yield 
different dates. Looking at the radiation damage, though, there is not a discernible difference in 
the amount of radiation damage accumulated by each sample. Therefore, if the eU contents are 
the same, and the radiation damage is broadly the same (fig. 12), then there must have been a 
different thermal history at each locale that caused different dates.  
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This variability shows the utility of understanding radiation damage. AGC01-4 is only 
~20 km away from EKC02-40 with an elevation difference of ~ 1 km. The difference between 
the two samples was understood through of radiation damage. Characterizing damage opens new 
pathways for potential research to elucidate the development of older continental crust where 
more damage can accumulate. 
 
Chapter 6 
Conclusions 
 
Radiation Damage can be investigated using Raman Spectroscopy. By correlating 
FWHM with α-damage and, via α-damage, to closure temperature, we can estimate the 
temperature sensitivity of our samples. Our samples show a span of damage that correlates to 
changes in closure temperature by ~50 ºC. This provides an explanation of the negative date-eU 
correlation in EKC02-40. Furthermore, I found a difference in thermal history between EKC02-
40 and AGC01-4 because they have the same approximate amount of eU, but have different 
dates. Zonation in radiation damage can potentially be characterized by Raman spectroscopy. 
Overall, this study will help researchers better understand radiation damage effects to extract a 
more detailed thermal history. 
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Appendix 
 
Table 3. Measured values of 4He, 238U, 235U, 232Th, and 147Sm in grains run from same samples. 
Extended version of table 2. *  
Full 
Sample 
Name 
Zircon AGCO1-
4_z03 
AGC01-
4_z01 
AGCO1-
4_z02 
EKCO2-
40_z01 
EKCO2-
40_z02 
EKCO2-
40_z03 
length 1 
(mm) 
  133.2 202.3 242.2 278.4 212.3 191.5 
width 1 
(mm) 
  51.3 56.5 57 81.3 57.9 63.7 
length 2 
(mm) 
  133.6 203 233.5 282.2 216 190.8 
width 2 
(mm) 
  44 63.1 49.4 79.4 48.2 59.1 
2X Term   Y Y Y Y Y Y 
Dim Mass 
(mg) 
  1.06 2.7 2.65 6.81 2.32 2.63 
rs (mm)   30.22 39.31 36.14 53.21 35.51 39.89 
4He 
(nmol/g) 
  224.12 197.589 164.74 462.522 406.526 383.587 
±   0.433 0.356 0.171 0.768 2.273 0.518 
U (ppm)   537.76 334.1 406.86 360.52 298.7 489.67 
 25 
±   9.89 4.6 4.11 5.22 2.62 6.81 
Th (ppm)   151.21 69.48 75.9 69.89 53.87 46.17 
±   1.22 0.9 0.7 0.62 0.96 0.32 
Sm (ppm)   1.23 3.39 0.42 2.34 3.17 0.23 
±   9.7 4.13 2.88 1.18 10.58 2.9 
eU   573.3 350.4 424.7 376.9 311.4 500.5 
4He (ncc)   5.348 11.943 9.775 70.552 21.102 22.6 
±   0.01 0.022 0.01 0.117 0.118 0.03 
U (ng)   0.5725 0.901 1.0771 2.4536 0.6918 1.2871 
±   0.011 0.012 0.011 0.036 0.006 0.018 
Th (ng)   0.161 0.1874 0.2009 0.4757 0.1247 0.1214 
±   0.001 0.002 0.002 0.004 0.002 0.001 
Sm (ng)   0.0013 0.0091 0.0011 0.0159 0.0073 0.0006 
±   0.01 0.011 0.008 0.008 0.025 0.008 
Th/U   0.281 0.208 0.187 0.194 0.18 0.094 
Raw Date 
It (Ma) 
  72.09 103.68 71.54 223.18 237.16 140.46 
±   1.21 1.33 0.68 3.02 2.35 1.86 
Ft Corr.   0.64 0.718 0.695 0.788 0.69 0.723 
 26 
± (%)   7 7 7 7 7 7 
Corrected 
Date (It) 
(Ma) 
  112.14 143.79 102.56 281.54 340.1 193.22 
Full Unc. 
(Ma) 
  7.85 10.07 7.18 19.71 23.81 13.53 
Analytic 
Unc. (Ma) 
  1.21 1.33 0.68 3.02 2.35 1.86 
Notes   mostly 
euhedral 
mostly 
euhedral 
mostly 
euhedral 
mostly 
euhedral 
mostly 
euhedral 
mostly 
euhedral 
 
*Note: Fish Canyon Tuff zircons run in conjunction with these grains yield a date of 28.6 ± 0.4 
Ma (n=3). 
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